Effect of a permanent magnet field on the scale inhibition property of circulating water was investigated. Orthogonal experiments of L 16 (4 5 ) were performed and analyzed using the range analysis method. The operating parameters included magnetic field intensity, initial concentration of Ca 2þ and Mg 2þ , magnetic treatment time, temperature, and flow velocity. Scale inhibition rate, hardness, relative variation in the proportion of free water molecules, electrical conductivity, and relative variation of molecular energy were chosen as the objectives. In addition, the morphology and the composition of CaCO 3 and MgCO 3 scale were studied by X-ray diffraction analysis. The optimal conditions were initial concentration of 900 mg/L, magnetic field intensity of 0.5 T, temperature of 303 K, time of 54 h and flow velocity of 0.17 m/s. The nuclear magnetic resonance results demonstrated that the number of hydrogen bonds increased between water molecules and hydrated ions. The magnetic field can promote the increase in the number of hydrogen bonds, which can inhibit the formation of calcium and magnesium carbonate precipitation. Moreover, the ratio of calcite, aragonite and vaterite will be changed at different magnetic field intensities, and the aragonite ratio will reach the peak at the optimum conditions. Key words | anti-scale, calcium and magnesium carbonate, hydrogen bonds, permanent magnetic field
INTRODUCTION
The magnetic treatment of circulating water has become an important method to prevent scale formation in domestic and industrial water systems. Its advantages mainly include low energy consumption and the absence of secondary pollution (Chen & Chan ; Cai et al. ) . It also can avoid causing some other problems such as high costs of adding chemicals, circulating water polluted by additives, waste of water by purging, and low efficiency.
The research of magnetic treatment on hard water can be traced back at least 100 years. Faunce and Cabell invented an electro-magnetic device to treat a feed water system by applying both electric and magnetic fields, and it was claimed that the device could greatly reduce incrustation in a steam-boiler (Faunce & Cabell ) . Coey and Cass reported that circulating water through a magnetic field increased the aragonite/calcite ratio in the deposit with a high probability (Coey & Cass ) . According to the review by Baker and Judd, the efficiency of magnetic treatment is still a controversial issue since there is not a clear explanation for the phenomenon (Baker & Judd ) . Chang and Weng investigated the effect of a magnetic field on the hydrogen-bond structure of water and found that the number of hydrogen bonds increased by approximately 0.34% when magnetic field intensity increased from 1 to 10 T (Chang & Weng ) . Hayashi and Kimura measured the size of water clusters with the 17 O-nuclear magnetic resonances before and after water treatment with electrical fields (Hayashi & Kimura ) . They analyzed the line width and noted that the average cluster size in the bulk water decreased from an average of 10-13 to 5-6 water molecules per cluster. The two results showed opposing views. Jiang et al. pointed out that magnetic treatment can reduce pH value, which will significantly prevent the formation of scale (Jiang et al. ) . Zhou et al. investigated magnetic field effects on the formation of CaSO 4 scale (Zhou et al. ) . A simplified model for the magnetic interaction was applied to quantitatively calculate the relationship between magnetic field effect and external magnetic field intensity. The results showed that additional cohesion was generated by the magnetic dipole between water molecules. Higashitani & Oshitani () also found the number of nuclei in water clusters was reduced with the presence of the magnetic field (Higashitani & Oshitani ) . And the hydration layer became thicker after magnetic treatment. Therefore, there has not been a universally agreed mechanism to explain the effect of inhibition scale and the optimum operating conditions have been not be defined. The discrepancy might be due to the differences in experiment process. Some researchers designed an appropriate laboratory procedure to detect the efficiency of magnetic treatment devices. In addition, previous results had indicated that continuous fluid flowed through the magnetic device to generate measurable effects which could be related to scale prevention (Higashitani et al. ) .
Most of the researches on the mechanism have mainly focused on the following aspects. (1) Calcite and aragonite are two most common natural forms of CaCO 3 (Jiang et al. ) ; calcite is usually associated with hard scale formation whereas aragonite is less prone to form hard scale.
(2) Water properties such as viscosity, surface tension, conductivity, pH, solubility and other variables of the solution are very important parameters (Kronenberg ) . Various properties of water or aqueous solutions have a very close connection with the structure of water molecules and the Lorentz force (Libnau et al. ) .
(3) Liquid water forms a continuous network of hydrogen bonds because water molecules have two donors and two acceptor sites. This spatial network of hydrogen bonds is the main structure of liquid water. Many models for the structure of liquid water have been suggested, and most of them are represented by uniform models and mixture models. A two-entity model implies that hydrogen bonds are formed and broken in the equilibrium process (Lipus et al. ) .
Due to some parameters which affect the magnetic treatment process, it is difficult to gain comprehensive information. To deal with the issue, orthogonal experiments can be carried out. The orthogonal experiments are viable alternatives to full experimental design. So the methodology of an orthogonal experiment is presented to analyze the influence of operating parameters on water quality indexes. Applying the range analysis method, the dominance degrees of operation parameters for the objectives were analyzed and the optimum conditions were obtained. The hardness, scale inhibition rate, relative variation in the proportion of free water molecules, electrical conductivity, and relative variation of the molecular energy are chosen as the objectives. Hardness and scale inhibition rate can reflect Ca 2þ and Mg 2þ concentration to illuminate inhibition scale effect. In order to investigate the magnetic field effect on circulating water, it is important to study the change of relative variation in the proportion of free water molecules. Relative variation of molecular energy can indirectly express the effect of magnetic field on water molecule structure.
The objective of this research was to investigate the effect of a permanent magnetic field on the scale inhibition in circulating water and to determine whether the scale inhibition rate can be improved. The influencing factors, including magnetic field intensity, initial concentration of Ca 2þ and Mg 2þ , magnetic treatment time, temperature and flow velocity, were studied through orthogonal experiments. The water quality indexes, including hardness, scale inhibition rate, relative variation in the proportion of free water molecules, electrical conductivity, and relative variation of molecular energy were investigated. Figure 1 shows the experimental facilities used in our study. The system is composed of a water tank, a temperature controller, a water pump, a valve, a heating water tank, adjustable permanent magnetic equipment, and a water meter. Flow velocity is controlled by the valve within a range of 0-0.68 m/s. The temperature of circulating water was heated by passing it through the heating water tank and was adjusted through the temperature controller. The different magnetic field intensities were generated by adjustable permanent magnetic equipment manufactured by Shenzhen Yitian Magnetic & Devices Co., Ltd, China. The adjustable magnetic field intensity, which ranged from 0 to 0.8 T, was measured by a digital teslameter. Different influencing factors, including magnetic field intensity, initial concentration of Ca 2þ and Mg 2þ , temperature, magnetic treatment time and flow velocity, were chosen to determine their effects on water quality indexes. It is well known that orthogonal experiments can efficiently correlate various factors for parameter optimization. The method can identify the most influential factors based on high consistency and reproducibility. According to the orthogonal table, one can select the representative experiments, and satisfactory results can be obtained. An orthogonal experiment table of L 16 (4 5 ) was chosen based on the experimental discretion. Table 1 shows the influencing factors and levels of the orthogonal experiment table.
EXPERIMENTAL EQUIPMENT AND METHODS

Experimental equipment
Water quality indexes analysis
Ultra-pure water was used in our study and artificial hard water was investigated to research the effect of a magnetic field on the water quality indexes. Table 2 shows the methods and devices of parameter measurement. Surface tension is used to calculate the relative variation in molecular energy, which can be measured by physical analysis. Electrical conductivity pertains to the conducting electricity ability of circulating water, which depends on the concentration and mobility of ions in water. Hardness refers to the existence of dissolved minerals in water, such as calcium and magnesium ions. Hardness is determined by titrating EDTA (ethylenediaminetetraacetic acid) with Chrome Black T as the indicator. The calculated equations are shown in Equations (1) and (2).
where C EDTA is the concentration of EDTA (mol/L); m is the amount of MgCl 2 ·6H 2 O (g), M is the molecular weight of MgCl 2 ·6H 2 O (g/mol); V EDTA and V 1 are the volume of EDTA (L) in the standard solution configuration and in the hardness measure, respectively; M CaO is the Flow velocity (m/s) 0.17, 0.34, 0.51, 0.68 molecular weight of CaO (g/mol); and V water is the volume of water (L). Scale inhibition rate can directly reflect the anti-scale effect, which is obtained by Equation (3):
where η is scale inhibition rate (%), n 0 is the initial hardness (mg/L), n 1 is the hardness of the control group (mg/L), and n 2 is hardness of the experimental group (mg/L). The relative variation in the proportion of free water molecules can show the degree of water association, which can be calculated with the peak width at half height using nuclear magnetic resonance (Nakagomi ). The relative variation in the proportion of free water molecules can be calculated by Equation (4):
where ΔC/C 0 is relative variation in the proportion of free water molecules (%); C is the proportion of free water molecules after magnetic treatment, C 0 is the initial proportion of free water molecules, ν 1/2 0 is the initial peak width at half height; ν 1/2 is the experimental peak width at half height. ΔC/C 0 was taken as an indicator to represent the proportion of free water molecules, comparing with that of purified water without magnetic treatment. The relative variation of molecular energy can be obtained by Equations (5) and (6) (Rao & Sahu ) .
where T is surface tension (N); D 1 and D 2 are diameters of the two capillaries (D 1 ¼ 0.3 × 10 À3 m and D 2 ¼ 0.5 × 10 À3 m); h 1 and h 2 are height of water (m); m water is water weight (g); V is volume (L) and g is gravitational acceleration (m/s 2 ).
where E Inner /E 0 Inner is relative variation of molecular energy (%); T 0 , E 0 Inner and S 0 are surface tension (N), molecular energy (J) and entropy (J) without magnetic field, respectively; T, E Inner and S are surface tension (N), molecular energy (J) and entropy (J) after magnetic treatment, respectively. Moreover, the inner structure of water is more stable with less molecular energy, which can be verified if ionwater strongly interacts and the hydration number increases during magnetic treatment process.
Water preparation and experiment method
Firstly, according to Table 1 and the orthogonal experiment table of L 16 (4 5 ), the appropriate magnetic flux density, water velocity, and temperature were adjusted. Ten litres of ultrapure water was circulated in the magnetic treatment facility. Secondly, combining the initial concentration in the orthogonal table, the appropriate chemicals, such as CaCl 2 , MgCl 2 ·6H 2 O and Na 2 CO 3 , were added to ultra-pure water.
It should be noted that the initial water chemistry (time ¼ 0 h) was the same for all experiments, indicating that no other chemicals were added during the process. The water properties were analyzed for hardness, scale inhibition rate, proportion of free water molecules, relative variation of molecular energy, and electrical conductivity. One hundred millilitres of solution at definite time intervals were taken from the water tank and the corresponding water quality indexes were measured. All experiments were repeated for three times and the average values were calculated. After each experiment, the system was thoroughly cleaned, first 
RESULTS AND DISCUSSION
Parameter optimization of orthogonal experiment
The standard orthogonal array of L 16 (4 5 ) was employed. Figure 2 shows the orthogonal experimental results for the five objectives. It can be seen that relative variation in the proportion of free water molecules, relative variation of molecular energy, electrical conductivity, hardness, and scale inhibition rate vary over the wide range of À28-0%, À54-24%, 0.00478-9.75 mS/cm, 0-2024.9 mg/L, and 0-26.93%, respectively. The results of the orthogonal experiment were analyzed using the range analysis method, as shown in Figure 3 . The arithmetical parameter k i is the average value of the objective, which can be used to calculate the optimization factor, where i denotes the level of a particular factor; R is the range calculated as the difference between maximum and minimum of k i for a particular factor. Comparing the values of R, the dominance degree of each factor can be distinguished. Therefore the optimization results of the five factors can be obtained from Figure 3 . Figure 3(a) shows that magnetic field intensity was the key factor for relative variation in the proportion of free water molecules, because the magnetic field can promote electron delocalization of hydrogen bonds among water molecules (Ren et al. ) .
In other words, the inner structure of water became more stable with the reduction of molecular energy, which verified that new hydrogen bonds were formed during the magnetic treatment process. The relative variation in the proportion of free water molecules reached the minimum at 0.8 T. In addition, flow velocity was also a relatively important factor with regard to relative variation in the proportion of free water molecules. In fact, magnetic treatment requires a certain amount of time that includes the magnetic treatment time and the residence time of solution in the magnetic field. If time is short, circulating water quickly passes through the magnetic field at a high flow velocity. Therefore most of the water molecules cannot be magnetized. Moreover, a high flow velocity will intensify the collision between water molecules, and the orientation of molecules tends to be more chaotic. That is, high flow velocity hinders the ability of the magnetic field to influence water molecules. Therefore, time is closely related to relative variation in the proportion of free water molecules. Figure  3(a) shows the optimal flow velocity is 0.17 m/s and magnetic treatment time is 54 h, and it also illustrates that the optimal temperature is 303 K for relative variation in the proportion of free water molecules. The increase of temperature will accelerate molecular thermal motion, which allows the molecular orientation to be easily influenced and changed by the magnetic field. However, temperature should not be too high to break hydrogen bonds and hydration ions. Water molecule layers which are close to the center of ions is called chemical solvation. Some distant water molecules are less attractive for the ions and the number of water molecules in this layer readily changes with temperature, called physical solvation (Szkatula et al. ) . Therefore there is an optimal temperature. Normally, dissolving ions in water exist in the form of hydrated ions, which are connected by hydrogen bonds. Hydrogen bonds increase with the increase of Ca 2þ and Mg 2þ concentration, which would form larger water clusters and more hydrated ions.
The results showed that the initial Ca 2þ and Mg 2þ concentration of 900 mg/L was optimal with regard to relative variation in the proportion of free water molecules. Figure 3(b) shows that the initial concentration is the key factor for relative variation of molecular energy. Surface tension of circulating water is inversely proportional to the temperature and ion concentrations (Uhlig et al. ) . Combining Equation (6) with Figure 3(b) , when initial concentration of Ca 2þ and Mg 2þ was 900 mg/L, relative variation of molecular energy became minimized. This is because the increased number of hydrated ions strengthens hydrogen bonds and decreases the proportion of free water molecules, which can lead to the decrease of molecular energy. However, the ion solvation theory for hydrogen bonds mainly includes interactions of the inner molecular hydrogen bonds between ions and water. Hydrogen bonds can transfer over longer distances than the electrostatic effect. The hydration ions extend the molecule to form chain structures through hydrogen bonds, which are defined as water molecular chains. When water molecular chains flow through the magnetic field, the Lorentz force forces positive and negative ions to move in a helix. Since the polar of ions are opposite, the Lorentz force will break the physical solvation layer of water molecules and create small relative variations of molecular energy. Figure 3(c) shows magnetic field intensity and concentration are the key factors for scale inhibition rate. The optimum initial concentration is k 4 (initial concentration ¼ 900 mg/L). In addition, electrical conductivity is the evidence to quantify scale inhibition rate, which represents the presence of ions. The higher value of hardness gives a higher electrical conductivity. Temperature plays a relatively minor role for electrical conductivity while flow velocity and magnetic field intensity are relatively important factors in Figure 3(d) . The results of hardness Figure 3 (e) are the same as those of scale inhibition rate. By comprehensive analysis, the optimum conditions are obtained as initial concentration of 900 mg/L, magnetic field intensity of 0.5 T, temperature of 303 K, time period of 54 h and flow velocity of 0.17 m/s.
Effect of magnetic field intensity on water quality indexes and scale
Effect of magnetic field intensity on three water quality indexes Scale inhibition rate, relative variation in the proportion of free water molecules, and relative variation of molecular energy measured at different magnetic field intensities are compared with that without magnetic field. Figure 4 indicates that scale inhibition rate at 0.5 T is higher than that of other magnetic field intensities, which proves validity of the optimum conditions deduced from the range analysis of the orthogonal experiment. Figure 4(a) shows the increase of magnetic field intensity can cause the relative variation in the proportion of free water molecules to decrease. And the decrease will lead to reduction of molecular energy. In other words, the change of molecular energy is an indicator of reorientation or formation/breakage of hydrogen bonds. So molecular energy will be decreased in the presence of the magnetic field and the results are shown in Figure 4(a) . The increase in number of hydrogen bonds can cause the water molecule to be less active, thus lowering its molecular energy. In order to further study the relationship between magnetic field intensity and relative variation of molecular energy, the fitting formula is shown in Figure 4(b) . Molecular energy reduces with the increase of hydrogen bonds, which means that the structures of water molecules will become more ordered. In the presence of the magnetic field, the relative variation of molecular energy decreased. The result indicates that molecular energy is related to magnetic field intensity. The lowest relative variation of molecular energy is obtained and the most orderly water structure is gained at 0.5 T. The results illustrate that the increase of magnetic field intensity can strengthen hydrogen bonds and stabilize the structure of water molecules. But the specific adsorption ability of hydrated ions would be reduced due to the larger Lorentz force which is beyond the critical value and results in an increase of relative variation in the molecular energy (Figure 4(b) ). The negative effect of the magnetic field will be observed because the magnetic field promotes the molecular energy to increase. Under certain conditions, the change of molecular energy is caused by ionwater interaction and hydrogen bonds. The lower the molecular energy is, the more hydrated are the ions. Furthermore, based on the fitting formula, the extremum of magnetic flux intensity is 0.54 T, which is close to the selected optimal magnetic field intensity (0.5 T). The relationship between magnetic field intensity and relative variation in the proportion of free water molecules also is shown in Figure 4(b) . According to the fitting formula, magnetic field intensity and relative variation in the proportion of free water molecules are in an inverse proportion. The result shows that relative variation in the proportion of free water molecules reduces with the increase of magnetic field intensity. The decrease implies more hydrated ions are formed and more hydrogen bonds appear.
Effect of magnetic field intensity on hardness and electrical conductivity Figure 5 shows the effect of magnetic field intensity on hardness and electrical conductivity. It can be observed that hardness and electrical conductivity present a stable trend from 4 to 54 h at 0.5 T. The relative variation of molecular energy presents a downward trend, which is the same as the above result. Figure 5(a) shows the change of hardness at different magnetic field intensities. The hardness drops from an initial value of 3,364 mg/L at 0 h to 1,580 mg/L at 54 h without magnetic field. This suggests that most of the calcium and magnesium carbonate precipitations are formed during the period. However, hardness first decreases and then gradually keeps steady after 4 h with the increase of magnetic field intensity. These precipitations fluctuate within a certain range, which contributes to the formation and destruction of hydrogen bonds. Due to low hydrogen-bond energy, a little activation energy can lead to formation and destruction of the bonds under flexible space conditions. This can readily cause the hydrogen bonds to react and change in a short period of time at room temperature. Even in the water molecule, hydrogen bonds constantly will break and generate. The peak of hardness appears at 0.5 T. Figure 5(b) shows the relative variation of molecular energy reaches the minimum at 0.5 T and the entropy of E Inner obtains the minimum according to Equation (6). Chemical reactions are determined by entropy and affect the spin of the non-paired electron, which will in turn affect the system entropy (Yang et al. ) . This process further affects the chemical reactions and leads to scale inhibition. Figure 5(c) shows the change of electrical conductivity at different magnetic field intensities. The lowest electrical conductivity is obtained at 0 T and the highest is at 0.5 T. The increase of electrical conductivity contributed to the increasing concentration of H þ , HCO À 3 , CO 2À 3 , Ca 2þ and Mg 2þ . In the presence of the magnetic field, the reduction of electrical conductivity is inhibited. This indicates that electrical conductivity is related to magnetic field intensity and the magnetic field promotes the increase of electrical conductivity.
Effects of magnetic field intensity on calcium and magnesium carbonate scale exist as aragonite, calcite and vaterite, together with a little MgCO 3 . With the increase of magnetic field intensity, calcite first decreases and then increases to reach the minimum at 0.5 T. According to the XRD diffraction intensity of each phase, the relative content of each phase material in the mixed phase sample was determined. Therefore the content of calcium is the minimum at 0.5 T. However, the opposite trend is observed for aragonite and vaterite, which first increase and then decrease. The content of MgCO 3 follows the same trend, with less marked variations. Consequently priority is given to the formation of aragonite even at room temperature. Figure 6 shows that the ratio of aragonite dominates in scale precipitates at 0 T. Because the concentration of Ca 2þ and Mg 2þ are equal in this present study, it can boost the formation of aragonite. Therefore, the content of aragonite takes up a larger portion whether or not there is the magnetic field. These results suggest that the magnetic field influences the precipitation process and polymorph of CaCO 3. That is, the precursor of crystal nuclei under the magnetic field changes the structure of water clusters. According to Figure 6 , the relative variation of molecular energy is minimized at 0.5 T. Therefore, the system needs more energy to generate the reaction when water becomes more steady, which means water activation energy reaches the maximum at 0.5 T (Zaidi et al. ) . Therefore, the free energy of CaCO 3 increases with the increase of magnetic field intensity and the precursor of CaCO 3 crystal nuclei can be transformed to calcite. Then, calcite can be transformed to aragonite directly and CaCO 3 needs to overcome a larger activation energy barrier to be generated. In addition, the hydration and Lorentz force modification of the electric double layer on solid surfaces can also affect the crystallization and coagulation process during magnetic treatment (Zhou et al. ) .
CONCLUSION
Effect of a permanent magnetic field on scale inhibition property of circulating water was studied and the optimized operation conditions were determined. L 16 (4 5 ) orthogonal experiments were carried out based on the single factor experiment considering the initial concentration, magnetic field intensity, temperature, time and flow velocity as the influencing factors. The results demonstrated that scale inhibition rate, relative variation in the proportion of free water molecules, electrical conductivity, and relative variation of molecular energy varied over a wide range. The range analysis results indicated that magnetic field intensity was the key factor for formation of water clusters. In addition, the high initial concentration of Ca 2þ and Mg 2þ , low velocity, and appropriate temperature and time had significant influences on the hydrogen bonds and hydration ions numbers. However, the increase would degrade if the Lorentz force was beyond the critical value, leading to the increase of relative variation of molecular energy. The optimum conditions were 900 mg/L for the initial concentration, temperature of 303 K, time of 54 h, and flow velocity of 0.17 m/s. Moreover, the ratio of calcite/aragonite/vaterite will be changed at different magnetic field intensities, and the aragonite ratio will reach the peak at the optimum conditions.
